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In situ prebiotics for weaning piglets: In vitro production and required. In this study, an in vitro model was used to test the possibility of producing prebiotic 23 fiber in situ in the gastro-intestinal tract (GI-tract) of the piglet and the prebiotic activity of the 24 resulting fiber in the terminal ileum. Soluble fiber were successfully produced from potato 25 pulp, an industrial waste product, with a minimal enzyme dose in a simulated upper GI-model 26 extracting 26.9 % of initial dry matter. The fiber was rich in galactose and galacturonic acid and 27 was fermented at 2.5, 5 or 10 g/L in a glucose-free media inoculated with the gut contents of 28 piglet terminal ileum. Fermentations of 5 g/L inulin or 5 g/L of a purified potato fiber were used 29 as controls. The fibers showed high fermentability, evident by a dose-dependent drop in pH and 30 increase in organic acids, with lactate in particularly being increased. Deep sequencing showed 31 a significant increase in Lactobacillus and Veillonella and an insignificant increase in 32
Clostridium as well as a decrease in Streptococcus. Multivariate analysis showed clustering of 33 the treatment groups, with the purified potato fiber being clearly separated from the other 34 groups as the microbiota composition was 60 % Lactobacillus and almost free of Clostridium. 35 For animal studies, a dosage corresponding to the 5 g/L treatment is suggested. 36
A substantial amount of antibiotics as well as the heavy metal zinc are used for prevention and 48 treatment of PWD, as it is presently the most cost-effective means of improving performance in 49 swine production (8, 9). However, due to increasing problems with antibiotic resistance in 50 bacteria of both veterinary and human importance, as well as environmental concerns about the 51 use of heavy metals, alternative strategies for prevention of PWD are needed. 52
In humans, it is well established that prebiotic fibers, e.g. indigestible fibers fermented by the 53 intestinal microbiota such as polymers of fructose or galactose, can result in increased growth 54 of selected beneficial bacteria from the commensal microbiota (10). It is also known that 55 various strains of Lactobacillus and Bifidobacterium act as suppressors or inhibitors of 56 infectious bacteria (11), likely due to production of antimicrobial peptides and organic acids 57 from the terminal ileum of piglets, stored in 25 % glycerol, were thawed on ice, pooled and 210 diluted 5-fold in 10 mM de-gassed PBS. Digesta were pooled across piglets as in earlier studies 211 (34, 38, 39) , in order to control biological variation (40). This mixture was diluted 10-fold in 212 the fiber-containing media, which had been de-gassed in an anaerobic cabinet overnight in 213 11 OF 36 Nunc 14 mL round bottom tubes. The resulting 1 % solution of ileal content was then 214 fermented for 24 hours in an anaerobic cabinet at 37.5 °C. All treatments were performed in 10 215
replicates. A fermentation harvested immediately after inoculation, and with no added fiber, 216 served as a baseline control, also in 10 replicates. 217
pH and organic acid analysis

218
Following the fermentations, tubes were centrifuged for 5 min at 5500g at 4 °C and pH was 219 measured with a pH-meter. The sample was then re-suspended and transferred to a 2 mL 220
Eppendorf tube, which was spun at 13.000g for 10 min. The supernatant was then filtered with 221 a 0.22 µm filter and assayed for OA using high-pressure liquid chromatography (HPLC). The 222 system was a Shimadzu HPLC fitted with an RSpak KC-811 column, using 12 mM H 2 SO 4 with 223 a flow rate of 0.6 mL/min at 63 °C and a refractive index detector. The standards used were 224 lactic acid, acetic acid, propionic acid, iso-butyric acid, n-butyric acid, iso-valeric acid and n-225 valeric acid. 
*[E]/ (φ 3 + [E]). 266
Analysis of variance was used to evaluate significant differences in dosage. pH and organic 267 acid concentrations were analysed with an ANOVA followed by Tukeys test with the fiber 268 treatment as the main effect using the lm-and HSD.test-procedures in R. Two-way ANOVAs in 269 the fiber composition and organic acid data were avoided due to uneven variances, and instead 270 adjustment for multiple comparisons when doing multiple one-way ANOVAs were made with 271 the Sidak correction. Sequencing data was analysed on a given taxonomic level by ANOVA on 272 log-transformed data followed by Tukeys post-hoc test, followed by correction for multiple 273 comparisons by the Sidak correction (43) when comparing multiple OTUs. The microbial 274 community was analysed by subjecting species-level data to principal coordinates analysis 275 (PCoA) with treatment groups as constraints and using the Bray-Curtis dissimilarity index 276 using the capscale-procedure in R, followed by analysis of similarities (anosim-procedure) as 277 14 OF 36 well as k-means clustering (kmeans-procedure). Shannon-indices were calculated by the 278 diversity-command. Principal coordinates regression, e.g. using the scores from the first axis of 279 the PCoA as a predicting variable, was used to compare overall bacterial composition with 280 individual OAs. 281
Results
282
Characterization of piglet digestive parameters
283
The dry matter content, the pH and the pepsin levels in the stomach digesta was determined in 284 order to use the values to produce a realistic in vitro GI-system. There was substantial variation 285 within the piglets, especially in the activity of pepsin, which on average was 43.3 units/mL 286 digesta (pooled SD 3.3), but ranged from 13.4 to 98.1 units/mL digesta. Dry matter was 21.42 287 %w/v, ranging between 6.78 and 30.65 %w/v, whereas pH averaged 4.16 and ranged from 4.1 288 to 4.6. 289
The protease content in the ileum was 39.2 units/mL digesta (pooled SD 1.32) and ranged from 290 7.0 to 78.0 units/mL. Dry matter content in the ileum was, on average, 13.4 %w/v (range 7. 19.30) and the pH was 6.6 (range 6.0-7.0). 292
In vitro GI reactor
293
The reactor was set up on the basis of the measurements from the piglet digesta with an 294 additional overhead. The protease content in particular was deemed to be of importance, and 295 therefore protease was added to equal twice the highest measured concentration for both the 296 15 OF 36 stomach and small intestine step. The lowest measured pH in the stomach was 3.5 and therefore 297 the pH used in this step was 3. pH in the small intestine was set to be neutral (pH 7). 298
The activity of the polygalacturonase and the pectin lyase at stomach conditions (pH 3) were 299 22.70 U/mg and 0.02 U/mg, respectively. In small intestine conditions (pH 7), the activity was 300 18.79 U/mg and 2.38 U/mg, respectively 301
Characterisation of IVSF and UFSF
302
The release of water-soluble fibers from potato pulp showed a clear dose-dependency as a 303 function of enzyme dosage, which could be modelled by a non-linear 3-parametric equation, 304 which in turn suggested that the maximal release was 26.9 % of the initial dry matter. 5.56±0.1 305 % of initial dry matter was released without addition of pectinolytic enzymes and since less 306 than 20 % of this fraction could be accounted for by HPAEC-PAD or as protein, it presumably 307 consists of various proteins, lignin and salts. The composition of all other fractions released 308 contained high amounts of galactose, galacturonic acid and to a smaller degree, arabinose and 309 rhamnose. Analysis of variance on the data revealed that there was a plateau in yield at dosage 310 0.05 % E/S, for which reason 0.03 % E/S was chosen as a cost-beneficial dosage to do future 311 work with. At this dose, 24.6 mg dry matter is released from 100 mg FiberBind, corresponding 312 to 9.5 mg galactose. The composition of in vitro released fiber, IVSF, and UFSF is shown in 313 Table 1 , and it is seen that IVSF contain more galacturonic acid and less galactose than UFSF 314 as well as slightly more protein. UFSF also contain a small amount of mannose, presumably 315 from the pectinase formulation. HPSEC-analysis of IVSF revealed a molecular size distribution 316 with two distinct peaks, notably a large fraction of ~900 kDa as well as a smaller fraction at 317 ~10 kDa (Figure 1) . The HPSEC chromatogram of the UFSF showed that large molecular 318 16 OF 36 weight polysaccharides >800 kDa were much more abundant than the smaller fractions. 319
Estimation of the amount of monosaccharide was done by comparing area under the curve 320 (AUC) of the monosaccharide peak (24.6 min) with the total AUC. The AUC of the 321 monosaccharide peak constituted ~3.8 % of the total AUC in the UFSF, while this number was 322 10.6 % in the IVSF, suggesting that the monosaccharide content was 2.8 fold higher in the 323 IVSF. 324 
In vitro fermentation characteristics
Organic acids
332
The fibers were all highly fermentable. Fermentation treatment had a significant effect on all 333 organic acids (Table 2) The scores obtained from the constrained analysis of principal coordinates were further used as 388
an independent variable to test correlations with pH and the OA composition using linear 389 regression ( Figure 5) . A significant negative association between the score on dimension 1 390 (CAP1) was observed from pH and acetic acid, whereas there was a positive association of 391 lactic acid, butyric acid and valeric acid. This, in turn, suggest that a gut microbiota rich in 392 species belonging to genera Lactobacillus and Megasphaera and poor in genera Clostridium is 393 associated with a low pH and acetic acid, but high levels of butyric, valeric and lactic acid. 394
Discussion
395
In the present paper, the solubilization of potato galacto-rhamnogalacturonan 1 from potato 396 pulp was attempted in a piglet upper gastrointestinal simulated system. The operating 397 parameters of the system were chosen from direct measurements on piglets. The pH of the 398 stomach and the small intestine was measured to be 4.1-4.6 and 6.0-7.0, respectively, which is 399 The two monocomponent enzymes were not purified beyond ultrafiltration before use, so even 407 lower doses may be feasible as the enzyme dose was determined from total protein after Pichia 408 fermentation. Previous reaction schemes have involved a 1 % E/S, which would correspond to 409 3 mg of each enzyme, approximately 33 times as much (26, 27), making in situ production an 410 attractive possibility. 411
The monosaccharide composition of the released fractions suggest that this was indeed galacto-412 rhamnogalacturonan 1, corresponding to a backbone of rhamnose and galacturonic acid and 413 being highly substituted with galactose chains as well as smaller amounts of arabinose, likely 414 being flanked by domains of homogalacturonan (28, 47) . The UFSF was different from the 415 IVSF in that the galactose content was higher and the galacturonic acid content was lower. 416
According to HPSEC-analysis, both fibers encompassed two separate populations of the 417 solubilised pectin, namely high and low molecular weight fractions. The UFSF-fiber, being 418 higher in molecular weight as well as galactose, can then be hypothesized to be richer in 419 galactan-rich RG1-fractions and lower in shorter polygalacturonan chains, which would have 420 been filtered out in the ultrafiltration step as in the UFSF product. The content of 421 monosaccharide was also higher in the IVSF than the UFSF. The existence of a dual 422 population in enzymatically solubilized potato pectin has previously been shown (26). An 423 additional difference is the presence of mannose in the purified fiber, which presumably comes 424 from the enzyme preparation, e.g. as cell wall material from Pichia pastoris. Mannose has been 425 detected (3-5 %) in similarly produced fiber (26, 48), and appears to be >10 kDa in size. 426
The pH of the incubations followed a dose-dependent pattern, dropping up to 2.5 pH-points 427 when incubated with 10 mg/mL of IVSF for 24 hours. There are few in vitro fermentation 428 studies reported using porcine ileal microbiota, but pH was reported to drop from 6.63 to ~6. The fibers in this study showed excellent fermentability, evident by the increase in organic 441 acids (see Table 2 ). The exact role of the individual fatty acids in piglet health is not entirely 442
clear, but there is general consensus in that butyric acid is both a fuel as well as a trophic factor 443 for colonocytes, whereas propionate and acetate enter circulation and participate in hepatic 444 energy production (53-55). Interestingly, the control sample, which was 24 h incubation 445 without fiber, showed increases in acetate and propionate, probably reflecting fermentation of 446 residual material from digesta or the glycerol added at freezing. Of further interest are the 447 relatively high levels of lactate and the apparent dose-response relationship observed in the 448 IVSF-series and the UFSF-5 group, suggesting that this is a fermentation product of lactic acid 449 bacteria. The high levels of lactic acid bacteria in these treatment groups support this notion 450 (see Figure 3) as well as the correlations of CAP1 and lactate as seen in Figure 5 . When 451 fermenting inulin (56) or xylooligosaccharides (21), lactate is present after 11.5 hours, is 452 22 OF 36 markedly lowered after 30 hours, and undetectable after 72 hours, presumably since lactate is 453 metabolized into other organic acids such as propionate through the acrylate pathway (55). 454
The composition of the microbiota was almost exclusively composed of the phylum 455
Firmicutes, which is in contrast to other published pig metagenomics -in a study by 456
Lamendella (57) cluster XIVa, previously found in colon of piglets (38), were not found in these samples to any 499 relevant extent, which could be due to this study using the contents of the terminal ileum rather 500 than the colon. Moreover, this cluster appears to preferably colonize the mucus layer (66), 501 whereas this study used the luminal content. Clostridium perfringens appear to be a problem in 502 the neonatal animal (67), but less so in the weaning piglet where E. coli is the main pathogenic 503 agent (6, 7). In this study, the amount of Enterobacteriaceae in the IVSF-series was not 504 different from the control, although the amount was decreased from control in INU-5 and 505 UFSF-5. The observation that the genus Escherichia was higher in IVSF-5 than UFSF-5 can 506 possibly be explained by the apparent 3 fold higher levels of monosaccharide in the IVSF-5 507 group. Escherichia is well adapted to catabolism of monosaccharides, including galacturonic 508 acid (68), and may have had an advantage in the early stages of the fermentation owing to the 509 quick replication rate of this genus. 510
Streptococcus spp. is also a normal component of the porcine gut microbiota, and in this study, 511 it appeared to be diminished by both the in vitro made fiber and the UFSF-5. Since the 512 abundance of Lactobacillus spp. where increased in these same groups, it is difficult to 513 establish whether it is a direct effect of the fiber or through the Lactobacillus. The consequence 514 of this alteration is unknown. 515
Bifidobacterium, which are generally considered health-promoting, are ubiquitous in the human 516 gut microbiota, but were not detected in notable numbers in neither the baseline samples nor 517 after fermentation, and is reported to comprise a neglible portion of the pig intestinal 518 microbiota (38, 69, 70). The importance of Bifidobacterium in the pig remains to be 519 illuminated. 520
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The genus Veillonella grew well in all treatments apart from baseline, likely owing to the fact 521 that this genus metabolizes organic acids rather than carbohydrate (71). Bacteria belonging to 522 the genus Megaspheara, including the species M. elsdenii suggested to protect the host against 523 the pathogen Brachyspira hyodysenteriae (19), was another genus elevated by the fiber 524 treatment in agreement with the fact that this genus feeds on organic acids (72) . 525
With the use of PCoA, the entire microbiota on a species level could be visualized as well as 526 clustered. It was seen that there was marked clustering within each treatment group, but that 527 groups IVSF-5 and IVSF-10 were closer to one another than any other group, and especially 528 that the UFSF-5 group was far away from the IVSF-5 group, with which it should be 529 chemically similar. This could be explained by small, but possibly key differences in the 530 monosaccharide content (3.8 % vs 10.6 %) in the UFSF. The obtained scores, an aggregate 531 measure of the bacterial composition, could furthermore be correlated with the levels of organic 532 acids and pH, showing patterns in the production of fatty acids and microbiota, namely that a 533 microbiota low in acetic acid, but high in butyric, valeric and lactic acid was associated with 534 genera Lactobacillus and Megasphaera and but not with the genus Clostridium. 535
For use in animal trials, it would appear that a treatment corresponding to IVSF-5 should be 536 used, since a higher dose, IVSF-10, trended to have levels of Clostridium higher than the 537 control. The UFSF fiber appeared to decrease bacterial diversity and it is unclear if having 60 538 % Lactobacillus has a positive impact on the host. 539
In conclusion, it has been established that targeted enzymatic catalysis can be used to extract 540 the RG-1 domain of low value potato pulp in simulated in vitro digestion. Furthermore, the 541 produced fiber was highly fermentable and capable of changing the microbial community when 542 fermented in the contents of the terminal ileum of piglets, notably by increasing the 543 
